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....... The use of neutrons for experiments has become widespread, involving numerous fields, including activation analysis, 1 medical applications, 2 ,3,~ medical tracer. production, 5 uranium borebole logging, 6 security portal monitoring, 7 reactor coolant flow metering, 8 and reactor physics studi.es .. 5 In several of these experiments a need has developed for a Sll}all, reliable, high-output pulsed neutron source. This study is part of a program to develop a 10 9 n/sec pulsed tube using the D{T,He 4 )n nuclear reaction.
Neutron tubes usually consist of a reflex discharge ion source 9 fed by a resistively heated deutero-tritide occluder gas reservoir, an accelerator, and a deutero-tritide occluder target; Some of.the·properties of very intense ion beams have been reviewed by Green, 10 in which the characteristics of space charge limited .currents between.planar electrodes are analyzed and compared to theory. This paper discusses the.characteristics of the beam extracted from the ion source by .a circular, cylindrical accelerator in·a small, confined space. Some of the ways the beam interacts with a loaded occluder target are con_sidered. The current densi·ty-and divergence of the beam at the target are of particular importance for the proper operation of the tube.
The beam properties were studied'us~ng th~ experimerital tube shown in Figure 1 . FIGURE 1. Schematic of the acceleratbr tube used in the experiments. The diameter is about 10 em. Labeled components· are: 1) qas feed, 2) primary cathode, 3) ·anode, 4) -secondary cathode, 5) .extractor aperture. 6) accelerator, and 7) target. The Zetatron is about 2.5 em by 10 em·. 5 Tests were performed using only deuterium. The reflex discharge ion source uses.a permanent magnet to produce a 0.06 Tesla a·xial field and, when operated at a pressure of 1 to 3 Pa, a 0.8 A, 10 l!Sec source arc current pulse produces a 40 rnA, 10 llSec pulsed ion beam. Characteristics of similar ion sources are described elsewhere.1 1 Ions are extracted from the secondary cathode (see Figure 1 ) by an electric field to ; . sufficient energies (generally 100 to 130 keV) to produce the desired nuclear reaction. The spacial distribution of the ions and their focusing characteristics depend on the plasma boundary, which is in turn determined by the electrode configuration, injection current densities, and the field strengths. ·The target and accelerator electrodes are movable over a wide range to permit study of the beam properties. Extraction characteristics will be discussed, together with the implications of the resulting beam profiles. Some results on sealed versfons of the tube.will also be given.
II. THEORY AND BASIS OF·THE EXPERIMENT
The principle focusing properties of an accelerator of the type discussed here are measured with the aid of a focusing curve. "Fo·cus" is defined as the condition in which esse~tially all of the beam is delivered to the target. Conditions leading to larger beam sizes result in "underfocus", in which the beam intercepts the · acceler:-ator electrode. "Overfocus" is a condition which describes a beam with power densities high enough to cause outgassing of the target. Figure 2 shows a typical focus curve, which has the following characteristics: 2. For focus voltages the accelerator current is independent of volta9e and consists of ions generated by collisions wi1h ~he background gas. Under certain circumstances some secondary electrons originating at the target may a.lso be collected by the accelerator.
3. For underfocus voltages the accelerator current increases rapidly with decreasing voltage due to beam ions which intercept the accelerator and their secondary electrons.
.;
For a given electrode configuration, the ion beam envelope is a function of the beam perveance, 12 defined by
where
I is the target ·ion curre11t and V is the ac.celera~ing voltage (the usual unit for ion beams is nanopervs or lo-9 Av-312 ). The 'subscript g is used that the perveance is an implied functipn of the geometric configuration. are only interested in current transported to the target, we need only to
perveance to indicate Since we define perveance for focus conditions. Therefore, for a given configuration, accelerating voltage, and injection current, the perveance is maximum for conditions that produce the largest beam diameter without intercepting the accelerator and it falls off
. n a we es1gne tu e, t e norma operat1ng perveance is as close as possible to the maximum perveance. This limits the energy density on the target and mi~imi~e~ the charice of nverfocus.
For a given accelerator configuration, the maximum perveance does not appear to be a function of voltage. Therefore, in order to maintain constant perveance the current and voltage scale as I/V+ 3 1 2 . The perveance is calculated from the ion beam current incident on the target, so that secondary electron current must be determined. In order .to calculate the secondary contribution to the total target current, the incoming beam is assumed to be principally diatomic ions which dissociate upon impact. Each dissociated ion interacts with the surface.with.an energy inversely proportional to its mass. Using data based on Barnett, et a1~1 3 . an idealized curve was ge'ne~ated which reasonably approximates the secondary yields, y, for D+ and o 2 + ions"as seen· in 
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For the case of a plane parallel, gap with spac~ char9e 1 imited current, the maximum perveance given by Morgan, et al, 14 is ·where Cis a constant, A is the average mass of ·the beam species in a.m.u., and Neutron production curves have been reported by Shope 15 for the neutron producing, nuclear reactions using deuterium and tritium. For an assumed beam composition con-· sisting p~imarily of diatomic and smaller amounts o~ monatomic and'triatomic ions the neutron yield can be estimated. Calculat~d outputs are compared with measurements on Zetatrons and similar tubes. Figure 4 shows the ion beam current (Eq. 3) and perveance (Eq. ~s discussed below. ;. i 
III. RESULTS AND DISCUSSION
The square root of Equation 5 can be graphically analyzed. The degree to which.the empirically determined numbers in Equation 6 are meaningful depends on the amount of change in the position.and shape of the plasma boundary and· field penetration of the accelerator for different voltages at maximum perveance, ·i.e., how constant e: remains. . FIGURE 5. Maximum perveance for the experimental tube versus the separation of the accelerator from the extraction aperture. The beam characteristic has been simulated on the computer for inputs of the accelerating voltage, an assumed ion current density at the ion source secondary cathode, and electrode configuration. The plasma boundary, potential distribution, and beam particle paths are then computed. Figure 8 shows pairs of field and beam plots for maximum perveance cond1t1ons and for cond1t1ons corresponding to normal operation. The field penetration of the accelerator, overfocus, and other features discussed above can be seen. The calculated perveance of 10.2 nanopervs for 12.5 mm separation was in excellent agreement with measured values of about 11 nanopervs. The two beam profiles shown in Figure 9 are f¢r spacings of 12.5 mm and 2_2.5 mm. The corresponding perveances are 16% and 80%, respectively, of their maximum values. .
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.j. The· 12.5 mm separation corresponds to the configuration of a sealed neutron generator tube developed at Sandia National Laboratories called a Zetatron.l 7 The Zetatron utilizes a deuterium-tritium gas mixture, which has a somewhat broader and nigher range of ion masses in its beam and, therefore, would be .expected to broaden ·the beam diameter at the target. The neutron output has.be~n calculated using the computer program UY2 1 8 :for calculating neutron yields based on the data of Shope. 1 5 The calculations use beam fractions measured by Bacon and O'Hagan 1 9 of 5 ± 3% .monatomic, 80 ± 8% diatomic, and 15 ± 7% triatomic species for a deuterium filled tube, modified for use with a D-T gas mixture. ·Table I shows nominal output for the tolerance range given by Bacon and O'Hagen with ·a 50~50 target mixture.· Table II shows the output at 100 and 130 keV for the extremes of the tolerance range and a I J. ' !:· j' ,.
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for 350 hours at 100 pulses per second, and was then analyzed for indications of target degradation. 2° Figure 11 shows the normalized target loading, with about a 3 mm depleted region in the center corresponding to the region receiving the bulk of the beam. For comparison the size of the depleted region is shown shaded on the ~xis of Figure 9 . While the neutron production rates are much higher, the observed neutron production efficiencies ·are somewhat low when compared to the efficiencies of other similar devices.2 1 ·7 -~ ·5 ·4 ·3 ·2 ·I 0 I 2 3 4 5 ~ 7
FIGURE 11.
DISTANCE (mmJ
Normalized target loading of a life-tested tube showing the depleted region in the center.
IV. SUMMARY AND CONCLUSIONS
The beam characteristics of a small ion accelerator have been studied. Beam focusing characteristics can be.controlled over a wide range, with a corresponding range of beam proti les. Perveance values are in the range of 1 to 10 nanopervs ~nd ion beam currents of 30 to 40 rnA for source currents of 1 A are found. The perveance has it~ maximum ai the edge of focus, and falls off approximately with v-3 1 2 .
Identical perveance values have been calculated with a computer model. Simulated beam profiles show a highly overfocused condition, well below maximum perveance which likely damages the target--a condition which is also observed experimentally in target analyses. Operation at perveance near maximum allows the beam to spread.as much as possible. minimizing energy densities at the target. Neutron output measure-· ments must still be made for much of the range of operation. Neutron rates of greater than 10 8 ~/sec have been measured for Zetatrons; 
